Introduction
Acidic luminal pH in endosomes and lysosomes influences their trafficking, enzymatic activities and transport of substances across their limiting membranes. Luminal acidification is accomplished by electrogenic vacuolar H + -ATPases that require an electric shunt, which in the classical model was thought to be mediated by chloride channels. Members of the CLC anion transporter gene family [1, 2] , five of which reside in endosomes or lysosomes, were thought to represent these channels.
However, ClC-4 through ClC-7 are rather exchangers that couple Cl -influx to H + efflux [3] [4] [5] [6] [7] . Electrogenic Cl -/H + -exchange can support proton pumping [8, 9] and might be even be more efficient than Cl -channels in supporting vesicular acidification [6] . However, lysosomal pH is normal in mice lacking ClC-7 [6, 10, 11] and the strict coupling of Cl -flux to H + countertransport suggested that vesicular CLCs accumulate Cl -into acidic compartments [12] as shown for lysosomes [6] . To clarify the relative contributions of shunt conductance and proton coupling to their biological roles, we had generated Clcn5 unc/unc and Clcn7 unc/unc mice in which Cl -transport was uncoupled from H + -transport by single point mutations [6, 8] . Surprisingly, these unc mice [6, 8] displayed grosso modo the same phenotypes as the respective null mice [10, 13, 14] , i.e. impaired renal endocytosis in Clcn5 unc/unc mice and osteopetrosis associated with a lysosomal storage disorder and neurodegeneration in Clcn7 unc/unc mice (Table E1) .
Hence a Cl -conductance cannot replace electrogenic Cl -/H + -exchange in many cellular functions.
ClC-7, together with its obligate β-subunit Ostm1 [11] , is expressed in virtually all tissues [14, 15] . It localizes to late endosomes and lysosomes and is inserted into the acid-secreting ruffled border of bone-resorbing osteoclasts [10, 14] . Loss of ClC-7 function causes osteopetrosis in mice [14] , humans [14, 16] and cattle [17] and entails lysosomal storage and neurodegeneration in mice [10] . Decreased proteolytical capacity of lysosomes was demonstrated in Clcn7 -/-proximal tubules [18] . The unchanged steady-state pH of Clcn7 -/-lysosomes [10, 11] was explained by a lysosomal cation conductance that shunts H + -ATPase currents in parallel to
ClC-7 [6, 19] . By contrast, the osteopetrosis of Clcn7 -/-mice was attributed to impaired acidification of the osteoclast resorption lacuna [14] . Together with the H + -ATPase, ClC-7 is inserted by lysosomal exocytosis into the ruffled border of osteoclasts where it may shunt H + -ATPase currents [14] . Finally, Clcn7 -/-mice display grey fur in an agouti background. This phenotype might be linked to 4 melanosomes, a lysosome-related compartment. Phenotypes virtually identical to those of Clcn7 -/-mice are found in grey-lethal mice [11, 20] which carry a mutation in the gene encoding Ostm1.
Whereas the phenotypes of Clcn5 -/-and Clcn5 unc/unc mice are nearly identical, some of the phenotypes of Clcn7 -/-and Clcn7 unc/unc mice differ in severity [6] , i.e.
Clcn7
unc/unc mice show less severe osteopetrosis and lack the coat colour phenotype [6, 11] (Table E1) . Two hypotheses may be invoked to explain these differences.
First, the shunt conductance provided by ClC-7 unc may suffice to support some, but not all cellular functions. Second, the difference may be owed to lacking ClC-7
protein interactions in Clcn7 -/-, but not in Clcn7 unc/unc mice which express a correctly targeted ClC-7 mutant at normal levels [6] .
Here we generated a novel Clcn7 
Results

Transport-deficient ClC-7 mutant and Ostm1 are expressed normally
We generated mice in which the 'proton glutamate' E312 of ClC-7 was mutated to alanine ( Figure E1 ) abolishing both Cl -and H + -transport of ClC-7/Ostm1 [7] , hence our designation of this allele as 'transport-deficient' (td). Homozygous Clcn7 td/td mice were born at Mendelian ratio. Like Clcn7 unc/unc and Clcn7 -/-mice, they were growth retarded and most of them died within 6 weeks after birth. Surprisingly a few Clcn7 td/td mice survived more than 1 year ( Figure E2 ). The genetic background of Clcn7 td/td mice cannot account for this difference as these mice were studied in comparable mixed genetic backgrounds. Clcn7 +/td mice lacked an obvious phenotype. ClC-7 td protein levels were undistinguishable from ClC-7 levels in wild-type (WT) mice ( Fig   1A,B) . Like in Clcn7 unc/unc mice [6] , neither the abundance of Ostm1 [11] , nor its 5 processing by lysosomal proteases was changed in Clcn7 td/td mice ( Fig 1A) . WT ClC-7 and ClC-7 td similarly localized to Lamp-1 positive structures in primary fibroblasts (Fig 1C) , suggesting unchanged interactions with the trafficking machinery. Ostm1 had left the endoplasmic reticulum (ER) and co-localized with ClC-7 td in lysosomes ( Fig 1C) .
Lysosomal ion homeostasis in Clcn7 td/td mice
Because ClC-7 may contribute to a countercurrent for the vacuolar H + -ATPase [7, 14], we measured lysosomal pH of Clcn7 td/td fibroblasts and found it to be unchanged ( Figure E3A ). Measurements of lysosomal Cl -concentration with a dextran-coupled Cl --sensitive ratiometric dye [6] revealed reduced lysosomal Cl -accumulation ( Figure   E3B ). Both results resemble those made with Clcn7 -/-and Clcn7 unc/unc mice [6, 10] .
Delayed neurodegeneration in Clcn7 td/td mice
Like Clcn7
and Clcn7
td/td mice displayed progressive degeneration in the hippocampus (Fig 2) . However, it appeared much later and was only detectable in the few surviving older mice. Neuronal cell loss was observed within the CA3 region and progressed to an almost complete loss of CA3 pyramidal cells at 10 months of age (Fig 2D,E) . There was no detectable hippocampal cell loss in 4 weeks-old Clcn7 td/td mice ( Fig 2C) . Nevertheless, pathological changes were observed, in particular in CA3 neurons and in some parts of the cortex. In those regions, lysosomal membrane proteins like Lamp-1 and ClC-7 td itself, were more intensely labelled and showed a broad distribution in neuronal somata rather than being stained in scattered puncta as in the WT (Fig 3A,B and Figure E4 ). A similar observation was made for ClC-7 unc (Fig 3A) . Lysosomal storage was apparent 4 weeks after birth, including intracellular carbohydrate accumulation ( Fig 2F) and increased levels of lysosomal acid phosphatase (Fig 2G) . At P21 electron-dense osmiophilic material accumulated in lysosomal compartments of neuronal somata in the CA3 but not in the CA1 region (Fig 2H) . The autophagy marker LC3-II was strongly increased in Clcn7 -/-and Clcn7 unc/unc , but not in Clcn7 td/td mice ( Fig 2I) . In striking contrast to the early postnatal retinal degeneration of Clcn7 -/-and Clcn7 unc/unc mice, retinae of 3 weeks-old ( Figure E5A ) and even 10 months-old Clcn7 td/td mice ( Figure E5B ) appeared normal. The increased survival of Clcn7 td/td mice thus correlated with their delayed neurodegeneration.
Osteopetrosis of ClC-7 td mice as severe as in ClC-7 KO
Immunolabelling of tibiae revealed that both ClC-7 td and its β-subunit Ostm1 were normally expressed in Clcn7 td/td osteoclasts ( Figure E6A ). ClC-7 and ClC-7 td similarly co-localized with the a3 subunit of the V-type H + -ATPase at the ruffled border ( Figure   E6B ). Unlike the milder osteopetrosis of Clcn7 unc/unc mice [6] , the osteopetrosis of Clcn7 td/td (Fig 4A) was as severe as in Clcn7 -/- [14] or grey-lethal (Ostm1 -/-) mice [20] . Bone density was similarly increased in Clcn7 td/td and Clcn7 -/-mice ( Fig 4C) . As observed for the other ClC-7 mouse models, teeth were formed in Clcn7 td/td mice but did not erupt (Fig 4B) . Electron micrographs showed a partially deranged ruffled border membrane in Clcn7 td/td mice ( Fig 4D) . Using the sealing zone, which laterally delimits the resorption lacuna between osteoclasts and bone matrix, as localization marker, we categorized ruffled borders in situ as absent, immature or mature ( Fig   4D,E) . 20% of osteoclasts from Clcn7 -/-and Clcn7 td/td mice totally lacked a ruffled border and only about 40% showed a mature ruffled border ( Fig 4E) . All osteoclasts from Clcn7 unc/unc mice formed ruffled border membranes, of which 70% appeared mature. Hence the severity of osteopetrosis correlates with an impairment of ruffled border formation.
Coat colour phenotype is absent in ClC-7 td mice
The pigments of hair and skin are synthesized in melanosomes, a lysosome-related compartment of melanocytes, and are then transferred to keratinocytes. The grey fur of Clcn7 -/-or Ostm1 -/-mice [14, 20] thus agrees with the lysosomal localization of ClC-7/Ostm1. Surprisingly, the fur colour was changed neither in Clcn7 unc/unc [6] nor in Clcn7 td/td mice ( Fig 5A) which express mutant full-length ClC-7 proteins that display or lack, respectively, a Cl -conductance. The agouti gene modulates the colour of the hair shaft, resulting in a band of yellow (owed to pheomelanin granules) in the otherwise dark (eumelanin) pigmented hair shaft. The pigment in the yellow band was clumped and reduced in Clcn7 -/-and Ostm1 -/-(gl) mice whereas eumelanin granules were unchanged in their dark hair shafts ( Fig 5B) . Hair shaft pigmentation of Clcn7 unc/unc and Clcn7 td/td mice was unchanged compared to WT (Fig 5B) .
Activation of Wnt signalling in primary fibroblasts and melanocytes
Melanocyte differentiation depends on Wnt signalling [21] and Ostm1 has been proposed to play a role in the canonical Wnt pathway [22] although the molecular mechanism remains obscure. Because the Ostm1 protein is absent or severely reduced in Ostm1 -/-and Clcn7 -/-mice, respectively [11] , but unchanged in Clcn7 unc/unc [6] and Clcn7 td/td mice, we asked whether the difference in coat colour might be due to differences in Wnt signalling. Primary fibroblasts from WT, Clcn7
and Ostm1 -/-mice were exposed to Wnt3a to activate canonical Wnt signalling and mRNA levels of the target gene axin2 [23] were determined. Basal and Wnt3-stimulated Axin2 expression was unchanged in Clcn7 -/-and gl (Ostm1 -/-) fibroblasts ( Figure E7A ,B) and in Clcn7 -/-melanocytes ( Figure E7C ) compared to WT. Hence differential activation of the Wnt signalling pathway is unlikely to contribute to the phenotypical differences of the present Clcn7 mouse models.
Discussion
Our analysis of Clcn7 td/td , Clcn7 -/-and Clcn7 unc/unc mice [6, 14] represents a novel in vivo structure-function analysis of ClC-7/Ostm1 that complements similar in vitro studies focusing on biophysical properties [7, 24] . Comparison of the pathologies of these mice (Table E1 ) yielded a surprisingly complex picture of the roles of ClC-7 in lysosome, osteoclast and melanocyte biology. Phenotypes resulting from Clcn7 mutations cannot be assigned exclusively to a loss of ion transport activity.
As vesicular CLCs may shunt proton pump currents in the endolysosomal system and at the osteoclast resorption lacuna [2, 8, Reductionist model calculations predict a lumen-positive potential (~20 mV) with a Cl -channel, but a lumen-negative potential with a 2Cl -/H + -exchanger [6] . Moreover, the ClC-7 unc mutation (E245A) [7] not only uncouples Cl Currents increase steeply when cytoplasmic voltage exceeds ~+20 mV [7] . Hence the unc mutation will robustly increase steady-state ClC-7 currents in lysosomes.
Moreover, the slow gating of WT ClC-7/Ostm1 [7] would prevent a full activation of 
Material & Methods
Detailed methods can be found in the Expanded View.
Mice
Clcn7
-/- [14] and Clcn7 unc/unc mice [6] have been described. Grey-lethal (Ostm1 -/-) mice [20] were from Jackson Laboratories. Clcn7 td/td mice were generated by homologous recombination using a construct in which the E312A mutation was inserted into Exon 11 of Clcn7. Animals were housed under standard conditions in the MDC animal facility according to institutional guidelines and kept on a 12 h light/dark cycle. LAGeSo, Berlin, Germany, approved all experimental procedures.
Antibodies
Find primary antibodies in the Expanded View Table E2 . Secondary antibodies were coupled to Alexa Fluor 488, 546 (Invitrogen) or HRP (Jackson ImmunoResearch).
Membrane preparation, tissue homogenates and immunoblot
Brain extracts were prepared from adult mice, blotted on PVDF membrane and probed according to standard procedures.
Histology and electron microscopy
Sections were stained with H&E, Nissl, periodic acid Schiff reagent (PAS) 
Determination of lysosomal pH
Lysosomal pH was measured by ratiometric fluorescence imaging of the pH sensor
Oregon Green dextran 488 (Invitrogen) as described [6] .
Determination of relative lysosomal chloride concentrations
Lysosomal chloride was measured by ratiometric fluorescence live cell imaging of MEQ/TMR-dextran [6] . Tables   Table I. Overview of features of our ClC-7 mouse models studied previously and in this study.
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Green symbols indicate normal properties and red symbols abnormal (pathological) ones. n, normal. Down arrow indicate quantitatively decreased values.
Anti-ClC-7
Anti-Ostm1 Table II .
Anti-Lamp-1
Anti-LC3
Anti-a3 (V-ATPase) into the useful measuring range. Means (n=12 for WT and td/td; n= 7 for -/-) from 5 (WT), 2 (-/-) and 6 (td/td) different primary cell lines are shown. Student's t-test was applied, n.s., not significant. 140 NaCl, 3 KCl, 2 K2HPO4, 1 CaCl2, 1 MgSO4, 5 HEPES, 10 glucose, pH 7.4). Image analysis was performed using a Fiji plug-in, in which regions of interest (ROI) were defined as areas above a defined fluorescence threshold in the acquired images at 488-nm excitation. The mean intensity ratio between 488-and 440-nm excitation was calculated for each ROI. At the end of each experiment, in situ pH calibration curves were obtained after treatment in isotonic Kbased solutions (in mM: 5 NaCl, 115 KCl, 1.2 MgSO4, 10 glucose, 25 of either HEPES or MES, ranging in pH from 3.9 through 6.45) supplemented with 10 µM of both nigericin and monensin (both Sigma-Aldrich). Cells were equilibrated for at least 2 min for each pH value. The resulting fluorescence intensity ratio (488/440) as a function of pH was fit to a sigmoid and used to interpolate pH values from the experimental ratio data.
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